Abstract
jurisdictions, the number of identified significant adverse impacts was consistently small (or 23 nonexistent), regardless of context. Likely contributing to this uniformity, we find that the scopes of 24 analyses are consistently narrower than warranted ecologically and toxicologically, many proposed 25 mitigation measures are assumed to be effective with little to no justification, and that the professional 26 judgement of developer-paid consultants is overwhelmingly the determinant of impact significance, 27 with no transparent account of the reasoning processes involved. EIA can be salvaged as a rigorous, 28 credible decision-aiding tool if rigor is enforced in assessment methodologies, regulators are 29
Introduction

33
Large-scale development is a hallmark of the modern world, providing society with things humans 34
value, but at an environmental cost (Crutzen 2006 
; Hellweg and Milà i Canals 2014). To navigate this 35
trade-off, many governments rely on the process of environmental impact assessment (EIA) to inform 36 development and environmental decision-making by providing an accurate accounting of a 37 development's impacts (Wood 2003) . EIA was initiated by the US National Environmental Policy Act 38 (NEPA) in 1970, and while the intentions and core elements of EIA are widely shared, this process has 39 been adapted to unique contexts and circumstances around the world (Wood 2003; Jay et al. 2007 ; 40 NEPA 2007; Glasson et al. 2013 ). Proponents of EIA refer to it as a "robust," "science-based" approach-41 terms which carry connotations of credibility and objectivity (Killingsworth and Palmer 2012) 
. But to 42
what degree do EIA practices reflect rigorous research, evidence and analysis as appropriate to the 43 standards in the fields from which they draw? 44
To answer this question, we examined one of the main outputs of the EIA process-written reports 45 commonly referred to as environmental impact statements (EISs). While the EIA process involves 46 decisions beyond the scope of scientific practice itself, the EIS represents the application of research and 47 evidence in assessing impacts (Jay et al. 2007 ; Glasson et al. 2013 ). We examined EISs from regulatory 48 jurisdictions in seven locations around the world: British Columbia (Canada), California (United States), 49
Veracruz (Mexico), Brazil, England and Wales, Queensland (Australia), and New Zealand. Our multi-50 national research focus is uncommon in its combined geographic and conceptual scope, and can provide 51 insight into the state of EIA scientific practice broadly for jurisdictions that engage in similar processes. 52
In every jurisdiction we sampled there was a general emphasis on EIA contributing to environmental 53 protection and sustainability through mitigation, and for EISs to stand as a transparent public record of 54 assessment (Wood 2003 ; Glasson et al. 2013) . Each EIS in our sample was written by a multidisciplinary 55 team who typically (1) consulted relevant stakeholders (2) established the spatiotemporal scope for the 56 study, (3) determined the potential impacts of the project to valued environmental components 57 (including impacts that might occur in concert with other past, present, and future projects, called 58 cumulative effects), (4) proposed mitigation to avoid, reduce, remedy and compensate identified 59 impacts, and determined the residual impacts that would likely persist after mitigations are applied, and 60 finally, (5) based on all the previous work, determined the importance -or significance -of these 61 residual impacts (Wood 2003) . Significance determination is arguably the "bottom line" of all EIS, 62 supplying decision-makers with a final account of the impacts to be weighed against development 63 benefits. 64
As works of research published for use in decision-making by authorities and the public, we expect EISs 65 to abide by standards of evidence and analysis within relevant disciplines and to be transparent 66 regarding methods and findings. Research disciplines can contribute to EIS methods and analysis in 67 various ways. For example: (1) findings of species ranges and habitat needs from wildlife biology can 68 inform the establishment of spatiotemporal scopes of analysis of impacts on affected species (Long and 69 Nelson 2012); (2) research from environmental toxicology can determine the magnitude and duration of 70 lag effects from decommissioned mines and other developments (Demchak et al. 2004 ); (3) research 71 into prescriptive methods for public deliberation and decision-making is highly relevant for consultation 72 methods to reflect and respond to stakeholder concerns (Pidgeon et al. 2005; Fishkin 2009 ); and (4) 73 evidence from restoration ecology can be used to assess the effectiveness and uncertainty of mitigation 74 measures on environmental impacts (Quigley and Harper 2006) . Ultimately, the information from these 75 scientific disciplines can be used as important inputs to determine the scope, effects, and uncertainty 76 behind impacts, which can inform the determination of significance of impacts, particularly when 77 significance is partly an identification of irreversible changes to the environment. 78
In this paper, we evaluate how the current practice of EISs reflects the current state of relevant research 79 fields. We document how often significant impacts are found, and assess the methodological steps that 80 contribute to significance determination, focusing on methodological rigor and transparent 81 communication of methods and results (namely scoping, mitigation assessment, consultation and 82 significance determination methodology). Specifically, we address the following questions: (1) How 83 consistently are potential impacts found to be significant across jurisdictions? (2) Does the scope of an 84 EIS reflect the current state of research practice most relevant to claims made? (3) How robust are the 85 proposed mitigation measures from the point of view of methods and analyses in commensurate 86 field(s)? (4) How is significance determined? 87
Material and Methods
88
We compiled a database of recent EISs from seven different jurisdictions of the world from diverse 89 continents (excluding Asia and Africa), including British Columbia (Canada), California (USA), Veracruz 90 (Mexico), Brazil, England and Wales, Queensland (Australia), and New Zealand. While many empirical 91 studies of environmental assessments consider a single jurisdiction and specific issue within EISs, we 92 chose to evaluate EISs across multiple diverse jurisdictions looking at the main components of EISs in 93 order to comprehensively assess systematic issues in EISs. In addition, we chose locations for their status 94 as jurisdictions with well-established EIA legislation, the availability of their EISs (EISs are not always 95 publicly available), the language proficiency of our group, as well as geographic diversity in order to 96 explore EIAs broadly. We focused on the EISs alone and not the entire EIA process as the latter involves 97 decisions beyond the scope of scientific practice itself, whereas EISs represent the application of 98 research and evidence in assessing impacts (Jay et al. 2007 ; Glasson et al. 2013) . We reviewed only 99 recent EISs in order to emphasize current legislation, policy, and process in all jurisdictions we 100 investigate (68 in total). The composition of types of projects varies among the jurisdictions in our 101 sample (Table S1 ), and our analysis allows us to assess scientific quality of reports across broad project New Zealand led us to review only seven EISs from there, and the high number of EISs in Queensland led 111 us to review 11 EISs. A breakdown of types of projects in each jurisdiction can be found in Table S1 . 112
While we are not exhaustive with the number of jurisdictions that fulfill our criteria of publicly available 113
EISs and well-established EIA regulations, our results are multi-national and have a wide geographic 114 scope (representing four continents). Language restrictions prevented us from evaluating EISs from 115 some parts of the world (such as Asia). Similarly, the time commitment needed to evaluate EISs 116 (documents that are often hundreds to tens of thousands of pages in length) was not feasible for a 117 comprehensive assessment of EISs of every country in the world. 118
We looked at official guidance documents for each jurisdiction on how to prepare an EIS to ensure that 119 the EISs were conducted according to similar protocol (from predicting impacts, proposing mitigations, 120 and evaluating significance of impacts, Table S5 ). To ensure that this was the case, we used document 121
analysis ( identified in each EIS to estimate the proportion of impacts that were deemed "significant"; 125 distinguishing between recorded project-specific potential impacts, residual impacts, cumulative 126 impacts, and significant impacts by relying on the EIS to accurately differentiate these (that is, we took 127 the reports at their word and did not interpret types of impacts for them). We also classified the 128 methods by which significance was determined in broad categories (technical, collaborative, reasoned) 129 as defined by Lawrence (2007) . Because of the highly skewed nature of the data on impact frequencies, 130 we used bootstrap 95% confidence intervals of the median (using the bias corrected and accelerated 131 method as it performs reasonably well with low sample sizes(Obuchowski and Lieber 1998; Chernick 132 2008)) to determine significant differences between jurisdictions. We calculated a global median from 133 all jurisdictions included in our analysis. Where bootstrapped confidence intervals cross the global 134 median, this indicates that there is no significant difference between the jurisdiction and the global 135 median. Analysis was conducted using the boot package in R (Canty and Ripley 2015) . 136
To determine the spatial dimensions for each EIS, we determined largest area investigated by the EISs to 137 assess cumulative impacts (the largest area assessed for all valued components). Where only maps were 138 provided (and data not provided in-text), we calculated area measures from the maps using PlotDigitizer 139 (Huwaldt 2014) and ImageJ (Abràmoff et al. 2004 ). To assess the suitability of these spatial areas we 140 compared these areas against the published ranges of species that EISs in each jurisdiction consider. We 141 haphazardly sampled a list of animals assessed by our sampled EISs in each jurisdiction (we chose six 142 species assessed in multiple EISs per jurisdiction) and used publicly available resources to acquire data 143 on species ranges (Table S2) . We matched the scale of species ranges to the scale at which EISs claim to 144 assess them. We also limited the scale to the boundaries of the jurisdiction. For example, if EISs claimed 145 to assess impacts to specific populations, subspecies, or species, we looked up range data at that scale 146 within the jurisdiction. We made no attempt to interpret EIS author intentions (i.e. if they meant they 147
were assessing impacts to specific populations but only referred to species). We ensured that wildlife 148 was described consistently regarding ecological scales (e.g. populations, species) when wildlife was 149 introduced in the EIS and when impacts to the wildlife were described. Where possible, we used 150 government online resources from each jurisdiction which often described range inside jurisdiction 151 boundaries, or online resources that the government sites provided. Where this was not possible, we 152 used IUCN online resources, and restricted the analysis to the jurisdiction of interest. We recorded if the 153 data was of "area of occupancy" -the area occupied by a taxon -or of "extent of occurrence" -the 154
shortest continuous boundary that encompasses all the known or predicted sites of a taxon's occurrence 155 (Hurlbert and Jetz 2007) . Where available, we recorded the area of occupancy, as this measure is 156
smaller. 157
To assess temporal scale, we recorded the number of years estimated for construction of the project, 158 the number of years the project was projected to be operational, and the total number of years for 159 which the EIS assessed impacts. The difference between the number of years for impact evaluation and 160 the number of years for operation and construction constituted the number of years past project 161 decommissioning that impacts from the project in each study was considered to contribute to 162 environmental impact. As we noted that mining EISs had the longest post-closure time periods, we 163 focused our analysis on this subset of EISs (N=11). We then collected peer reviewed published data on 164 the number of years post mine closure the effects of acid mine drainage (AMD) have been recorded 165 (Table S3) . We contrasted this data with the temporal scope of mining EISs. 166
To assess the interaction categories of cumulative impacts, we analyzed the EISs' methodology sections 167 and noted how cumulative impacts were described and assessed. If there was any mention of 168 interaction type (e.g. additive, synergistic, antagonistic) we recorded that EIS as having considered that 169 specific interaction type. We also recorded whether the EIS did not specify types of cumulative impacts 170 (but still described their methodology) and whether the EIS did not describe their methodology at all. 171
To look at the importance of mitigations in significance determination, we analyzed EISs that consider 172 significance before and after mitigations. When an impact considered significant prior to application of 173 mitigations was still considered significant post-mitigation, we noted whether this was because no 174 mitigation was applied to the specific significant impact (e.g. some significant impacts on visual amenity 175 in England and Wales had no mitigations proposed), or because the mitigation was not anticipated to be 176 fully effective. We used this information to compute the ratio of how often mitigation measures 177 changed the significance determination for impacts compared to how often mitigation measures did 178 not. Additionally, we counted the total number of mitigation measures indicated in each report. For 179 each mitigation measure, we assessed whether the language associated with the mitigation was 180 sufficiently vague as to render the mitigation action ambiguous, and recorded the number of mitigations 181 with vague language around implementation or execution. Examples of vague mitigation language 182 include "to the extent possible", "where feasible", "if practical", "will attempt", "explore the possibility 183 of", and "plan to create a plan to mitigate". We also made note of whether the EIS provided evidence 184 for mitigation effectiveness, assessed the effectiveness of proposed mitigations, or acknowledged 185 uncertainty in the proposed mitigations. 186
We collected data from each EIS on stakeholder consultation. We reviewed each EIS and recorded the 187 level of public engagement that was undertaken according to the typology of participation developed by 188 Hughes (1998) (Table S4) . We recorded the most inclusive form of consultation undertaken on behalf of 189 the project. We also recorded the types of stakeholders and affected parties involved in consultation, 190 according to the categories from Hughes (1998) proportions of potential impacts considered significant (Table S1 ). Absent of a strong pressure leading 210 to low numbers of significant impacts, the high variation in the sample (across geography, diverse suites 211 of development types, and impact numbers) should translate into high variation in numbers of 212 significant impacts within and across jurisdictions. Indeed, the number of potential, cumulative, residual, 213 and residual cumulative impacts reported in EISs varied considerably across jurisdictions. However, 214 regardless of jurisdiction, a consistently small number of potential impacts were considered significant 215 (all bootstrap 95% Cis of the median overlap the global medians of two significant project-specific 216 impacts and zero significant cumulative impacts, Figure 1 One possible explanation for the few significant impacts found across jurisdictions is that the EIA process 224 leading up to preparation of the EIS is a systematic barrier to projects that will likely contribute to 225 significant impacts, allowing only relatively benign projects to undergo significance determination 226 (Wood 2003 ). An alternative explanation is that the research practices communicated in EISs contribute 227 to bias against finding significant adverse impacts. Below, we discuss the research practices 228 communicated in EISs and whether this alternative explanation is supported. 229 species (or specific population) scale, we collected data on their range for the species (or specific 242 population) within the jurisdiction of interest. Though our sample does not allow us to conclude that EIS 243 spatial scope is inadequate for all wildlife assessed, we did find that 98% of the 48 EISs assessing impacts 244 across the wildlife we selected (across all jurisdictions) had at least one wildlife species (or population) 245 that was inadequately spatially scoped for cumulative impacts. In fact, we found that spatial scopes of 246 EISs were considerably smaller than the ranges of species (or specific populations) purportedly assessed 247 in almost all of the sampled EISs (Figure 2A) . Only a minority of EISs considered spatial scales 248 comparable to (or greater than) the ranges of species or population units assessed (Figure 2A) . In most 249
Narrowly Addressed Environmental Impacts
EISs, the lowest ecological scale explicitly mentioned was the species scale (Table S2 ). However, if EIS 250 authors were actually assessing impacts to specific populations within these species, they did so without 251 transparently indicating what populations they were evaluating impacts to, or the range size of 252 populations under evaluation, effectively leaving the reader guessing as to the scope of the study. We 253 did note that multiple EISs in every jurisdiction assessed impacts to species given pre-defined spatial 254 boundaries (not determined by wildlife ranges), indicating that the full range of wildlife may not have 255 been considered. 256 A similar scoping problem was evident in EISs with regard to temporal scales consistent with 257 environmental toxicology. Some projects can affect the environment long past decommissioning, 258 causing lag impacts (Collins et al. 2010 ). In practice, we found EISs routinely restrict the scope of 259 assessment to well before impacts are likely to cease, as revealed by the illustrative case of mining EISs. 260
Mining EISs in our sample assessed impacts further past decommissioning than other EISs, but even 261 these temporal scopes were generally far shorter than published durations of environmental impacts 262 total impact is equal to the sum on individual impacts), though synergistic or antagonistic impacts were 284 not considered in these EISs. A majority (53%) of sampled EISs were methodologically unclear (methods 285 were provided for assessing cumulative impacts but there was no mention of impact interaction) and 286 28% provided no methodical explanation for how cumulative impacts were assessed (including every EIS 287 investigated from New Zealand) despite reporting assessment results for cumulative impacts. While we 288 recognize that determining non-additive impact interactions is difficult to accomplish with certainty, the 289 possible existence of these impacts was ignored in 96% of EISs. Additionally, the high percentage (81%) 290 of EISs with unclear or unavailable methods highlights a lack of transparency in assessment. Where 291 methods were available (in 72% of EISs), EIS authors tended to define cumulative impacts as a function 292 of overlapping projects within assessed areas. They did not define cumulative impacts as promoted in 293 the peer reviewed literature, that is, as a function of interacting mechanistic processes linked to specific 294 stressors investigated (Murray et al. 2016 ). Only 3% of EISs explored cumulative impacts in this manner: 295 for example, explicitly documenting tanker traffic and the effects of underwater noise associated with 296 nearby energy projects. Various frameworks exist to analyze mechanistic processes contributing to 297 cumulative impacts, and these frameworks can be applied even when identifying interactions of impacts 298 is difficult (Knights et al. 2013; Singh et al. 2017) . 299
Ultimately, the limited scope of EISs in space, time, and interactions across impacts all contribute to an 300 avoidably narrow assessment of impacts (Lenzen et al. 2003) . 301
Overconfidence in Mitigation
302
Several of our results demonstrate EISs authors placing high confidence in the effectiveness of 303 mitigation measures -a confidence likely undeserved. In 19% of the EISs we sampled, significance was 304 determined both before and after application of proposed mitigations, providing insights into the 305 assumed efficacy of mitigation. These EISs were all from England and Wales, Brazil, Queensland and 306
California. The resulting change in characterization of significance provides some indication of the EIS 307 authors' confidence in the proposed mitigating measures. Out of 505 impacts deemed significant prior 308 to mitigation across these EISs, 80 were ultimately characterized as significant after considering all 309 mitigations. Of these 80, only 22 of these involved mitigations (with the remainder having no associated 310 mitigation). In other words, for 447 significant impacts that had associated mitigation measures, 425 311 were deemed not significant following mitigation, and 22 were still considered significant (a 19:1 ratio). 312 Furthermore, some mitigation proposals were worded in such a way that it was unclear if they would 325 even be implemented, and were yet still considered effective. We found that 5-11% (bootstrap 95% CI 326 of the median) of mitigation measures across jurisdictions were expressed in vague language that left 327 ambiguous what actions, if any, would be taken (e.g. "where applicable, mitigation X will be installed"; 328 "to the extent possible, mitigation X will be explored"; Figure 3 ). The consequence of this equivocal 329 wording is that the developer's level of commitment to a given mitigation measure is unknown 330 (Marshall 2002; Duinker et al. 2012; Lees et al. 2016) . 331
Lastly, no EIS in our sample included additional mitigation measures to address cumulative impacts. 332
Thus the number of potential cumulative impacts is equal to the number of residual cumulative impacts. were consulted in 51% of our sample, indigenous groups in 58% (exempting England and Wales), and 362 environmental groups in 70%. Other groups were consulted more often: business and political groups 363 were consulted in 88% and 97% of our sample, respectively. There are a few potential explanations for 364 these disparities in representation. First, community, indigenous, and environmental groups may lack 365 the capacity to represent their interests to the same extent as business or political groups. Second, 366 these less represented groups may not have elected to participate in the consultation process as much 367 as the more represented groups, for various reasons including not having a stake in proposed 368 development sites (however, in the two jurisdictions where there are strong legal requirements for First 369 Nation consultation-Canada and New Zealand-we found these groups were consulted in 100% of our 370 sample). Finally, consultation of relevant stakeholders may have disproportionately failed to include 371 environmental, indigenous, and community groups even when these groups had a stake in a proposed 372 development. Our findings cannot distinguish among these explanations, and invite further research on 373 Though quantitative thresholds were sometimes factors in determining the significance of an impact 380 (48% of our sample used quantitative thresholds for a subset of impacts, and 42% did so for a subset of 381 cumulative impacts), we found that every EIS relied on the consultants' judgement for the majority, if 382 not all, determinations of impact significance. While using professional judgement is itself not cause for 383 concern, relying on professional judgement without clearly outlining the considerations that influence 384 significance determination lacks transparency (Jones and Morrison-Saunders 2016). Based on our 385 sample, 69% of EISs did not clearly document the methods used to determine significance, and for the 386 31% that did, significance was based on ambiguous qualitative criteria with little explicit information on 387 how these were derived or applied. For example, significance was often defined as being dependent on 388 the sensitivity of the environment to the impact and the magnitude of the impact, without outlining 389 how one or either of these inputs was determined. Furthermore, professional judgement acquired 390 without a structured protocol to counteract cognitive biases and overconfidence in assessment is prone 391 to provide misleading results (Morgan 2014 ), and we found no EIS that outlined any protocol used to 392 elicit professional judgements. 393 6. The inherent conflict of interest in EIS authorship must be eliminated (e.g. by having developers 440 pay into a common fund, administered by governments, to retain independent experts to 441 author or review EISs) (Hollick 1984; Moore et al. 2010) . 442
To be a truly transparent and robust tool of environmental protection, EIA needs to embrace current 443 evidence and practices when relying on research. Failure to improve regulation and practice allows EISs 444 to obscure and facilitate important environmental impacts more often than they reveal and prevent 445 Watt, and Raoul Wieland for their contribution to data collection. This manuscript benefited from 456 reviews by Navin Ramankutty, Hadi Dowlatabadi,Benjamin Halpern and three anonymous reviewers. 457
